Abstract Small dorsal root ganglion neurons express preferentially the Na + channel isoform Na V 1.9 that mediates a tetrodotoxin-resistant (TTX-R) Na + current. We investigated properties of the Na + current mediated by Na V 1.9 (I NaN ) using the whole-cell, patch-clamp recording technique. To isolate I NaN from heterogeneous TTX-R Na + currents that also contain another type of TTX-R Na + current mediated by Na V 1.8, we used Na V 1.8-null mutant mice. When F − was used as an internal anion in the patch pipette solution, both the activation and inactivation kinetics for I NaN shifted in the hyperpolarizing direction with time. Such a time-dependent shift of the kinetics was not observed when Cl − was used as an internal anion. Functional expression of I NaN declined with time after cell dissociation and recovered during culture, implying that Na V 1.9 may be regulated dynamically by trophic factors or depend on subtle environmental factors for its survival. During whole-cell recordings, the peak amplitude of I NaN increased dramatically after a variable delay, as if inactive or silent channels had been "kindled". Such an unusual increase of the amplitude could be prevented by adding ATP to the pipette solution or by recording with the nystatin-perforated patch-clamp technique, suggesting that the rupture of patch membrane affected the behaviour of Na V 1.9. These peculiar properties of I NaN may provide an insight into the plasticity of Na + channels that are related to pathological functions of Na + channels accompanying abnormal pain states.
Introduction
Voltage-gated Na + channels play critical roles in electrogenesis in most excitable cells. At least seven isoforms of Na + channel α-subunits are expressed in the dorsal root ganglion (DRG) [26] . Smaller types of DRG neurons that give rise to unmyelinated C fibres or thinly myelinated A δ fibres conduct mainly nociceptive information. Larger types of DRG neurons that give rise to myelinated A β fibres normally conduct innocuous sensation. These distinct types of DRG neurons express a unique repertoire of Na + channel isoforms thought to mediate different modalities of sensation.
Small DRG neurons express preferentially the two Na + channel isoforms, Na v 1.8 (SNS/PN3) [1] and Na v 1.9 (NaN/SNS2) [18] , suggesting a role for them in nociception. Interestingly, these two isoforms contain a structural motif common to tetrodotoxin-resistant (TTX-R) Na + channels [1, 18, 37] . Na v 1.9 is expressed mainly in nonpeptidergic, isolectin B4 (IB4)-positive neurons that are dependent on glial-derived neurotrophic factor (GDNF), whereas Na v 1.8 is expressed preferentially in peptidergic IB4-negative neurons that are dependent on nerve growth factor (NGF) [23] . Therefore, Na v 1.8 and Na v 1.9 may play distinct functional roles in the process of nociception. Although the properties of the Na + current mediated by Na V 1.8 (I SNS ) and its functional role in nociception are relatively well understood [2, 7, 21, 25, 32, 33, 34, 42] , little is known about the Na + current mediated by Na V 1.9 (I NaN ). I NaN was originally identified electrophysiologically in an exogenous expression system as a transient type of Na + current with rapid activation and inactivation [43] . Subsequently, in Na V 1.8-null mutant mice devoid of I SNS [2] , an additional DRG TTX-R Na + current dependent on the Na V 1.9 transcript was also identified [15] . Contrary to the current reported by Tate et al. [43] , I NaN recorded in DRG had extremely slow activation and inactivation kinetics, giving rise to a persistent Na + current [15] . In addition, Blum et al. [8] recently reported surprising data that brain-derived neurotrophic factor (BDNF) induces rapid membrane depolarization of hippocampal neurons by opening Na V 1.9 channels. To characterize further the properties of Na V 1.9, we performed patch-clamp experiments on acutely dissociated DRG neurons from Na V 1.8-null mutant mice.
Materials and methods

Isolation of single DRG neurons and cell culture
All procedures were carried out according to protocols approved by Hiroshima University Animal Ethics Committee. The dissociation of single DRG neurons and their culture have been described previously [34] . Briefly, adult mice were sacrificed by cervical dislocation during ethylcarbamate (3 mg/g) anaesthesia. The DRG from all spinal levels were removed from wild-type and Na v 1.8-null mutant mice and desheathed in ice-cold, Ca 2+ /Mg 2+ -free, phosphate-buffered saline. The isolated DRG were digested enzymatically, first with 0.2% collagenase (Wako, Osaka, Japan) and then with 0.1% trypsin (Sigma, St. Louis, Mo., USA), each for 20 min at 37°C, dissociated by trituration with fire-polished Pasteur pipettes and the cells plated onto glass cover-slips coated with 0.01% poly-L-lysine (Sigma). The dispersed DRG neurons were maintained in a humidified incubator containing 5% CO 2 in air at 36°C in DMEM supplemented with 10% heat-inactivated fetal bovine serum (Gibco), penicillin (100 IU/ml) and streptomycin (100 µg/ml). Cells were used for experiments after shortterm culture (4-12 h after plating), unless otherwise specified. At this time in culture, neurite outgrowth was not observed.
Electrophysiology
Voltage-clamp recordings were performed using an Axopatch 200A amplifier (Axon Instruments, Union City, Calif., USA). Data were low-pass-filtered at 5 kHz with a four-pole Bessel filter and sampled digitally at 25-100 kHz. In some experiments, capacitive and leakage currents were subtracted digitally using the P-P/4 procedure [34] . Membrane currents were recorded using either the conventional, whole-cell patch-clamp technique [28] or the nystatin-perforated patch-clamp technique [29] . The standard patch pipette solution contained (in mM): 10 NaCl, 130 CsCl, 2.5 MgCl 2 , 5 HEPES and 5 EGTA. The pH of the pipette solution was adjusted to 7.0 with CsOH. Osmolarity was adjusted to 290 mosmol/kg with glucose. In some experiments, CsCl was replaced completely with an equimolar amount of CsF or Cs-salts of various other anions. For the patch-pipette solution for nystatin-perforated patch recordings, a stock solution containing 10 mg/ ml nystatin (Wako) was prepared and added to the pipette solution to a concentration of 500 µg/ml. The DC resistance of patch electrodes was 0.8-1.5 MΩ for the conventional whole-cell patch and 2-3 MΩ for the nystatin-perforated patch.
The bath solution contained (in mM): 130 NaCl, 5 CsCl, 1.8 CaCl 2 , 1 MgCl 2 , 0.1 CdCl 2 , 5 HEPES and 25 glucose. Ca 2+ currents were abolished by addition of 100 µM Cd 2+ [34] . The pH of the bath solution was adjusted to 7.4 with NaOH. Osmolarity was adjusted to 290 mosmol/kg with glucose. The liquid junction potential between internal and external solutions was compensated for by adjusting the zero current potential to the liquid junction potential. Only cells showing an adequate voltage and space clamp [34] were used. Since the Na v 1.9 current was observed preferentially in small DRG neurons, all the experiments were performed on DRG neurons less than 30 µm (typically, 25 µm) in diameter.
Measurements of ion channel kinetics such as the current/voltage (I/V) relationship or steady-state inactivation generally take a considerable time since a sufficient recovery period for the channel must be allowed between each test pulse. For various reasons, the amplitudes of Na + currents are not always constant during recording, e.g. due to run-down of the current or to instability of the seal condition. This can be checked by applying a control pulse prior to each test pulse (see the inset in Fig. 2B ). To avoid time-dependent distortion of the analysis, a control pulse I c to a fixed voltage was applied 10 s prior to the test pulse (I/ V relationship) or the conditioning prepulse (steady-state inactivation). The amplitude of the current evoked by I c served as a calibrator. The amplitude obtained by the test pulse (I t ) was corrected by calculating I t /I c .
Experiments were performed at room temperature (21-23°C). Data are given as means±SE for n cells examined. Since the majority of currents were recorded with Cl − as an internal anion in the presence of TTX using Na V 1.8-null mutant mice, only traces recorded with other anions, in the absence of TTX or using cells from wild-type mice are specified in the text and figures.
Results
I NaN recorded with F
− as an internal anion Available electrophysiological data on Na V 1.9 in DRG neurons are based largely on recordings obtained with F − as an internal anion in the patch pipette solution [15, 16, 19] . Initially, we employed the experimental conditions described in those reports. We found, however, that the data based on F − as an internal anion contained artefacts inherent to F − . Since the artefactual effects of F − on I NaN are crucial to the voltage-dependent kinetics of this current, we will first describe phenomena observed in recordings with F − as an internal anion. Figure 1 summarizes I NaN recorded from small DRG neurons of Na V 1.8-null mutant mice using F − as an internal anion. A holding potential (V h ) negative to −120 mV was required to remove inactivation. The current could be activated at a test potential (V t ) as low as −90 mV, although other studies have shown an activation threshold for I NaN of about −70 to −60 mV [15] . The time courses of activation and inactivation were extremely prolonged, particularly at smaller depolarizing V t , thus producing a persistent Na + current (Fig. 1A1) . I NaN could be separated clearly from the TTX-sensitive (TTX-S)/fast Na + current by virtue of its extremely slow kinetics ( Fig. 1A2 and A3 ). The peak amplitude of I NaN was extremely variable from cell to cell and often exceeded 10 nA (the mean value is not given, since the amplitude of I NaN was also variable during an extended period of recording, as will be described later). The I/V curve was considerably further to the left (i.e. more negative) than those for other known Na + currents (Fig. 1B) . Figure 2A shows a family of I NaN recorded intermittently within 10 min after rupture of patch membrane. Although the peak amplitudes evoked from a V h of −80 mV were relatively large in the initial stage (A1), they then declined progressively (A2 and A3). However, when V h was changed to −120 mV, the peak amplitudes recovered to a considerable extent (compare A3 and A4). It should be noted that the activation threshold was shifted to −90 mV (A4) from −60 mV (A1 and A2). A similar phenomenon was seen in all ten cells examined. Figure 2B shows h ∞ curves constructed according to [34] . The steady-state inactivation (h ∞ ) curves were measured twice in the same neurons at an interval of 10-15 min. The second measurements were shifted unequivocally to more negative potentials in all ten cells examined, with the mean voltage for half-maximal inactivation (V 1/2 ) for the second measurements being 19.2 mV more negative than that for the first. These results suggest strongly that F − causes a time-dependent hyperpolarizing shift of the voltage-dependence of steady-state activation (m ∞ ) and h ∞ . Further experiments showed that the parameters measured at least 15 min after the rupture of patch membrane showed no further shift of their voltage-dependence in any of six cells examined. Figure 2C shows m ∞ and h ∞ curves measured at least 15 min after the rupture of patch membrane.
I NaN recorded with Cl − as an internal anion
We next recorded I NaN with Cl − as an internal anion. Under these conditions, I NaN could be evoked even at a V h of −60 mV (Fig. 3A) in contrast to the V h of −120 mV necessary when F − was used as an internal anion ( Fig. 1 ). This finding indicates that the channel activity is retained without being inactivated even at a relatively depolarized V h of −60 mV, when Cl − was used as an internal anion. Figure 3B shows a family of I NaN recorded intermittently after rupture of patch membrane. The activation threshold remained constant at −60 mV, even when V h was set to more negative potentials (B1-B4).
I NaN was more resistant to depolarization than TTX-S/ fast Na + current, when measured with Cl − . With preceding conditioning pulses (V pre ) positive to −70 mV, I NaN remained unaffected, whereas the initial component reflecting TTX-S/fast Na + current was totally inactivated (Fig. 3C ). In addition to these kinetic differences found between I NaN recorded with F − and Cl − as internal anions, the peak amplitude of I NaN recorded with Cl − was generally much smaller than that recorded with F − (the mean is not shown, since the amplitude of I NaN was not constant during recording, as will be described later), and channel isoform Na V 1.9 (I NaN ) in isolated dorsal root ganglion (DRG) neurons of Na V 1.8-null mutant mice. A Na + currents evoked by a 200 ms test pulse (V t ) from a holding potential (V h ) of −120 mV. 1: A family of superimposed Na + currents evoked by various V t as indicated. 2: The Na + current evoked by a V t to −30 mV is shown separately to indicate two components of the current. Open and filled arrows indicate tetrodotoxin-sensitive (TTX-S)/fast (truncated) and Na V 1.9 components, respectively. 3: The protocol in A1 was repeated in the presence of 0.1 µM TTX. All the traces were recorded from the same neuron. B Averaged peak current/voltage (I/V) curve. Current amplitudes are normalized to the peak Na + current for each cell. Means±SE, n=15. In this figure, F − was used as an internal anion (see Methods). Since the majority of currents measured in this study were recorded with Cl − as an internal anion, only those traces recorded with F − are specified in subsequent figures. Similarly, since the majority of currents were recorded in Na V 1.8-null mutant mice in the presence of 0.1 µM TTX, only traces recorded in wild-type mice or in the absence of TTX are specified in subsequent figures the huge I NaN exceeding 10 nA seen with F − [15, 16, 19 ] was never observed with Cl − .
Activation and inactivation kinetics of I NaN
Since the kinetics of I NaN measured with F − are modulated time-dependently as shown above, we re-investigated the kinetics of I NaN with Cl − as an internal anion. A family of I NaN in response to various V t showed that the current can be evoked at potentials positive to −60 mV and peaked at −10 mV (Fig. 4A, B) . To determine the threshold for I NaN , the command potential was depolarized successively from −70 mV in 2-mV steps until a detectable I NaN was elicited. In 12 cells that showed detectable I NaN , the threshold was − as an internal anion. Inset: pulse protocol. Two identical step pulses to −30 mV for 200 ms were applied 10 s prior (V c ) and immediately subsequent (V t ) to the conditioning prepulse (V pre ) from a V h of −80 mV. The duration of V pre was 2 s throughout the study. The peak amplitude of the current evoked by V t (I t ) was divided by the peak amplitude obtained with V c (I c ). The ratio was normalized and plotted against V pre . The pulse protocol was repeated twice in the same neuron with an interval of 10-15 min. The solid and the broken lines represent the first and second measurements, respectively. C Steady-state activation (m ∞ ) and h ∞ curves recorded with F − as an internal anion. The measurements were performed at periods at least 15 min after the rupture of patch membrane to avoid the time-dependent shift of the voltage-dependence of the kinetic parameters. Lines were drawn by fitting a Boltzmann function to the means. The voltage for half-maximal activation/inactivation (V 1/2 ) and the slope factor were −61.2 and 9.9 mV respectively for m ∞ and −98.6 and 7.6 mV respectively for h ∞ . Means±SE, n=10. The SE was extremely small for some of the points disappear without being replaced by synthesized or recycled channels. However, the percentage recovered partially during culture. Thus, the functional expression of I NaN may be regulated dynamically after dissociation of the cells and during culture.
Comparison of two types of TTX-R Na + currents
Since we employed cells from Na V 1.8 (SNS)-null mutant mice, the corresponding TTX-R Na + current (I SNS ) was absent throughout the experiments described above. However, in view of the striking differences in their kinetics, we thought useful to compare these two currents in the same neuron. Figure 6A1 illustrates a family of heterogeneous Na + currents recorded from a wild-type mouse using F − as an internal anion in the presence of TTX. Currents evoked by a V t positive to the activation threshold for I SNS (−40 mV, [34] ), in A1 are shown on an expanded time scale in A2. Since the voltage-dependence of m ∞ for I NaN was shifted markedly to negative potentials by F − (see Fig. 2 ), the two components representing I NaN and I SNS could be separated. In addition, I SNS could be evoked in isolation by changing V h from −120 mV (A1 and A2) to −80 mV (A3), since h ∞ for I NaN was also shifted in the hyperpolarizing direction by F − (see Fig. 2 ). These observations were reproducible in all ten cells examined and imply strongly that, unlike I NaN , I SNS is not detectably affected by F − . When Cl − was used as an internal anion, Na + currents evoked by a V t between −60 mV and −40 mV appeared as a single component comprising I NaN , since the activation threshold for I NaN was about 20 mV more negative than that for I SNS (see Fig. 4 ). With a more positive V t , the two components overlapped, making the separation difficult. The two components could distinguished fortuitously in a small number of neurons. For instance, as shown in Fig. 6B , a V t to −30 mV evoked the Na + current apparently comprising two components in the presence of TTX. Figure 6C illustrates typical examples of the two TTX-R currents (C1, I NaN and C2, I SNS ). The duration of I NaN was more than 10 times that of I SNS .
Comparison between I NaN and the Na V 1.9-mediated Na + current in hippocampus
The Na + current mediated by Na V 1.9 can be activated by BDNF acting through tyrosine kinase receptor B (TrkB) in hippocampal neurons [8] . Although the Na V 1.9-mediated current in the hippocampus is sensitive to saxitoxin [8] , I NaN was resistant to 1 µM saxitoxin in all ten cells examined. In addition, topical application of BDNF (50 ng/ml) through a U-tube had no detectable effect on I NaN . These results suggest that the two currents may be mediated by distinct Na + channel isoforms. The amplitude of the Na V 1.9-mediated current in the hippocampus is of the order of picoamperes [8] , whilst that of I NaN is of the order of nanoamperes. However, as will be shown later, a much smaller I NaN (picoamperes) is recorded with the nystatin-perforated patch clamp (Fig. 8B-1) . 
Up-regulation of I NaN Figure 7A1 shows the peak amplitude of I NaN as a function of time using F − as the internal anion. V t was applied every 30 s to avoid any frequency-dependent effect and V h kept at −120 mV to prevent steady-state inactivation. During recording, the peak amplitude increased, eventually to more than 20 times the initial value, and then declined towards the original amplitude. Total duration of this slow and dramatic increase-decrease of the peak amplitudes took nearly 25 min. Current traces corresponding to the points indicated by numerals in A1 are illustrated sequentially in A2. In this report, we refer to this phenomenon as the "kindling" of I NaN . The up-regulated currents in A2 had a much faster time course than the smaller currents in the same series of recording (A3) or I NaN evoked by the same V t in a different cell (A4). The faster time course of the currents having extraordinary large peak amplitudes in Fig. 7A2 might be due to an impaired voltage-clamp control, although an involvement of altered channel gating cannot be ruled out.
Kindling of I NaN was not due to F − , since analyses using various anions all showed a similar phenomenon (Fig. 7B) . However, increases of the amplitude and its duration were always much larger for F − than for any other anions (note that the amplitudes for F − in Fig. 7B are shown on a reduced scale). The possibility that the kindling of I NaN was due to the shift in the activation curve might be excluded by the finding that the similar phenomenon can be observed in recordings with Cl − as an internal anion. The current amplitude at the peak of the kindling was 10.1±1.7 nA (n=23) for F − and 2.8±0.3 nA (n=11) for the remaining three ions. The latency of initiation of the kindling after rupture of patch membrane varied from cell to cell as shown in Fig. 7B (278±52 s,  n=11) . Kindling of I NaN was observed in 86% of small DRG neurons (n=75). The important point is that the amplitude of I NaN measured before or after the kindling of I NaN was very small, irrespective of the anion used. The peak amplitude of I NaN measured at the initial stage of recording with Cl − as internal anion was 263.2±29.1 pA (n=10). − as an internal anion. A A family of superimposed I NaN . B Averaged I/V curve. Current amplitudes are normalized to the peak Na + current for each cell. Means±SE, n=5. C Averaged m ∞ and h ∞ curves for I NaN with Cl − as an internal anion. The pulse protocol for the h ∞ curve is shown in Fig. 2B . The measurements were performed at periods within 5 min (circles) or at least 15 min (triangles) after the rupture of patch membrane (n=10 in both cases). The two measurements were not necessarily made from the same neuron. Filled and open symbols represent m ∞ and h ∞ , respectively. Lines were drawn by fitting a Boltzmann function to the means. Means±SE, n=10. V 1/2 and slope factor for the initial measurements were −31.8±1.0 and 9.2±0.6 mV respectively for m ∞ and −42.5±0.9 and 7.4±0.5 mV respectively for h ∞ . The corresponding values for the late measurements were −32.9 ±0.8 and 8.8±0.4 mV for m ∞ and −43.3±0.8 and 7.1±0.7 mV for h ∞ . In the same graph, m ∞ and h ∞ curves recorded with F − as an internal anion (Fig. 2C) are also shown for comparison (dotted lines) Three sets of current traces in Fig. 7C were recorded in response to an identical V t during the latent period (C1), at the peak of the augmentation (C2), and while the amplitude was decreasing (C3). The three sets of currents had similar voltage dependence (Fig. 7D) , confirming that the gating kinetics per se remained unaffected during kindling of I NaN . To determine whether this peculiar phenomenon is inherent to Na v 1.9, we examined the time courses of the peak amplitude for I SNS and TTX-S/fast Na + current. The peak amplitudes of these Na + currents were perfectly constant for more than 15 min in all the cells examined (n=5 for each current; not illustrated).
I NaN recorded using the nystatin-perforated, wholecell, patch-clamp technique In contrast to the recordings made using the conventional whole-cell patch-clamp, the peak amplitude of I NaN in the nystatin-perforated patch was constant throughout an extended period of recording (Fig. 8A) . To determine whether kindling of I NaN could still be observed in the whole-cell mode, we ruptured the patch membrane after 10-15 min of nystatin-perforated patch recording. In all three cells examined, the rupture of the patch membrane induced kindling of I NaN . One such example is depicted in Fig. 8A .
The I/V relationship for the I NaN in nystatin-perforated patches showed voltage dependence similar to that for I NaN measured with conventional whole-cell patch (Fig. 8B) . The peak amplitude of I NaN was 276.7±56.6 pA (n=8), much the same as that in the initial stage of recording with a conventional whole-cell patch. V 1/2 for the m ∞ and h ∞ curves for I NaN measured with nystatinperforated patch (Fig. 8C) was −33.4 mV and −41.5 mV, respectively. These values measured with the nystatinperforated patch were similar to those measured with conventional whole-cell patch (Fig. 4C) .
Suppression of the up-regulation of I NaN by internal ATP
On the assumption that the kindling of I NaN observed with conventional whole-cell patch clamp was due to washout of some important component of the intracellular milieu, we attempted to record I NaN with patch pipettes supplemented with 2 mM Mg 2+ -ATP. Surprisingly, kindling was not observed in the majority of cells examined as shown in Fig. 9 . The peak amplitude of I NaN recorded by patch pipettes supplemented with Mg 2+ -ATP remained constant in most of the cells examined during an extended period of recording, whereas the peak amplitude of I NaN recorded by the standard patch pipette up-regulated markedly. The − as an internal anion. 1: A family of Na + currents evoked at different V t . 2: Some of the currents shown in 1 are shown separately to indicate two distinct components of the current. Open or filled arrows indicate the component mediated by Na V 1.8 or Na V 1.9, respectively. Shifting V h from −120 mV (1 and 2) to −80 mV (3) isolated the component mediated by Na V 1.8 due to inactivation of the component mediated by Na V 1.9. All the traces were recorded from the same neuron. B Heterogeneous Na + currents recorded from a small DRG neuron of a naive mouse using Cl − as an internal anion. In this particular cell, two components representing distinct TTX-R Na + currents can be clearly distinguished at a V t of −30 mV (see text for explanation). C Typical examples of the two types of TTX-R Na + currents. 1: I NaN (in the absence of TTX). The arrow indicates the TTX-S/fast Na + current that can be easily distinguished from I NaN . 2: Na + currents mediated by Na V 1.8 (I SNS ); 2 was recorded from a cultured (for 2-4 days) DRG neuron of the wild-type mouse that was devoid of I NaN . The left-hand traces in 2 were drawn on the same time scale as in C1 for comparison increase of the current as expressed by I peak /I initial was 10.2 ±2.0 (n=25) in the absence of ATP, but only 1.2±0.2 (n=14) in the presence of ATP (Student's unpaired t-test, P<0.01).
Discussion
Shift of m ∞ and h ∞ by internal F − The Na + current mediated by Na V 1.9, I NaN , has been identified by Cummins et al. [15] using the same mutant mice as in the present study [2] . The results presented here add new information on the unique electrophysiological properties of I NaN in DRG. Our findings gained from recordings using different internal anions showed that the kinetics for I NaN are modulated by F − in the internal solution, as has been reported elsewhere [14, 35] . It is well known that F − often elicits unusual effects on channel kinetics [10] . For instance, F − in the patch pipette causes a hyperpolarizing shift of the steady-state inactivation [44] . The kinetic behaviour induced by F − may be attributed to diverse actions of F − on cellular transduction systems, e.g. activation of G proteins [31, 38, 45] or a reduction of cAMP-dependent protein kinase activity [44] . Whatever the mechanism underlying the action of F − our results indicate F − should not be used as an internal anion in the patch-pipette solution, at least for the recording of I NaN . Fig. 7A -D Up-regulation of I NaN during whole-cell recording. A 1: I NaN was evoked every 30 s by a V t to −50 mV from a V h of −120 mV and the peak amplitude shown as a function of time after rupture of patch membrane. Traces in A were all recorded using F − as an internal anion. 2: The traces indicated by numbers (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (Fig. 1A3) are normalized and superimposed. B Peak amplitudes of I NaN plotted as in A1. Various anions were used for the internal solution (Methanesulf. methanesulphonate, Glut. glutamate). The amplitudes for F − were reduced to a quarter. C A family of I NaN recorded 1, 10 and 13 min after rupture of patch membrane. V t , from −70 mV to 30 mV. V h , −80 mV. D I/V curves constructed from traces in C Functional expression of Na V 1.9 after dissociation and during culture
The functional expression of I NaN after acute isolation from DRG declined with time and recovered during culture (Fig. 5 ). This sort of dynamic regulation of the functional expression of Na + channel has not been reported in the past. The above finding suggests that the survival of I NaN might be regulated by trophic factors or a subtle environmental change. The mechanical disruption of nerve cells could result in a decreased supply of neurotrophic substances from surrounding non-neuronal cells such as Schwann cells, whilst non-neuronal cells that proliferate during culture could restore the decreased supply of neurotrophic substances.
The small DRG neurons expressing Na V 1.9 are dependent on glial-derived neurotrophic factor (GDNF) [23, 46] . In addition, GDNF actually up-regulates expression of the Na V 1.9 transcript [9] and augments I NaN [16] . GDNF has roles as a potent survival factor for certain classes of neurons and as a protective factor against nerve injury [6, 22] . Thus, the dependence of I NaN on GDNF may account for the loss of I NaN following dissociation and its recovery during culture. Such a dynamic and subtype-specific regulation of Na + channels may play a key role in certain types of Na + channel disorders, and it may also give a clue to the understanding of how tissue-specific expressions of 
Up-regulation of I NaN
Our results show that without ATP the conventional whole-cell patch-clamp is not suitable for recording of stable I NaN , due to the slow and dramatic increase of the current (Fig. 7) . We have termed this phenomenon kindling. Kindling of I NaN is totally different from socalled run-down often seen in some voltage-gated ion channels, since the current was rather up-regulated initially. Since kindling of I NaN occurred with a variable latency and often lasted for longer than 30 min, there was no consistent control amplitude for the current. Due to rupture of the patch membrane, the pipette solution washes out the cytoplasmic milieu, including ATP, and the intracellular environment may thus be impaired. Thus, it is possible that the kindling of I NaN reflects some unusual situation following rupture of patch membrane, e.g. a loss of ATP. This notion is supported by the finding that the kindling could be prevented by using the nystatinperforated instead of the conventional patch (Fig. 8) or by including ATP in the pipette solution (Fig. 9) .
Recently, Baker et al. [5] have also reported similar upregulation of I NaN in small DRG neurons from Na V 1.8-null mutant mice. Although the entire time-course of this up-regulation was not described in that report, it appears that the two observations represent the same phenomenon. In contrast to our findings that kindling was present in 86% of cells examined, the up-regulation of I NaN reported by Baker et al. [5] was evoked only when the pipette solution contained GTP or its non-hydrolysable analogue GTP-γ-S. The latter pipette solution contained 3 mM ATP. Therefore, the above discrepancy further indicates that the intracellular ATP is necessary for suppression of the kindling of I NaN (Fig. 9 ) and it appears that kindling of I NaN is suppressed by intracellular ATP but accelerated by intracellular GTP.
At present, the cellular events underlying the kindling of I NaN remain unclear. Since the latency for the kindling was usually less than 5 min (Fig. 7B1) , it is unlikely that the Na V 1.9 channel protein is newly synthesized following rupture of patch membrane. Activation of inactive or sleeping channels may be more a relevant explanation. The elucidation of the mechanistic basis will undoubtedly help to clarify a novel mechanism for channel regulation and may provide an additional insight into the plasticity of Na + channels, which precipitates pathological pain states [46] . In pathological states, inactive or silent Na v 1.9 channels could be kindled by some unknown mechanism.
Distinct functional roles of the two types of TTX-R Na + channels
The two isoforms of TTX-R Na + channels, Na V 1.8 and Na V 1.9, are thought to have specialized roles in pain sensation [46] . An important question is whether these two populations of TTX-R Na + channels have distinct functional roles. Although it has been generally accepted that the conducting axonal action potentials are sensitive to TTX, evidence is accumulating that nociceptive signals are rather dependent on TTX-R propagating action potentials in C-fibres [11, 27, 39] . Somata of DRG neurons have been used widely to assess events occurring in axons or nerve terminals. However, to study the mechanism of nociception, it is vital to observe events directly at nerve terminals where noxious information is actually sensed by nociceptors and transduced to action potentials. Two forms of studies attempting this direct approach have demonstrated that TTX-R but not TTX-S Na + channels contribute to the transduction of the nociceptive stimuli to conducting spikes at nerve terminals [11, 39] .
Recordings from nystatin-perforated patches showed that I NaN is an extremely small current (about 200-300 pA) (Fig. 8B1) . Since the diameter of the cells was 25.9±0.8 µm (n=8), the current density was 12.7 µA/cm 2 . This value is only 1.7% of the peak amplitude of the TTX-S/fast Na + current. The possibility that the current is small due to subcellular distribution of Na V 1.9 being limited to axons or nerve terminals may be excluded, since such a localized expression of Na V 1.9 within the neuron has not been demonstrated in immunohistochemical studies [46] . Interestingly, I NaN recorded during the latent period preceding the kindling (Fig. 8B1) or I NaN recorded with internal ATP (Fig. 9A ) had similar small peak amplitudes. I NaN in these situations appears to be too small to carry an action potential. In contrast, another TTX-R Na + current, I SNS , can mediate an action potential upstroke [21, 34] . Thus, the TTX-R spikes [11, 39] may be mediated mainly by Na V 1.8 rather than Na V 1.9, although the possibility remains that Na V 1.9 may also directly contribute to spike generation when kindled in some pathological situation. Na V 1.9 as a subthreshold and background Na + channel There were several remarkable differences between I NaN and other Na + currents. For instance, I NaN has an activation threshold of about −60 mV and a persistent time course, whereas the TTX-sensitive/fast Na + current and I SNS have a threshold of about −40 mV and relatively fast gating kinetics [34] . These results strongly support the suggestion that Na V 1.9 rather influences subthreshold electrical activity through its persistent kinetics [16] . A similar role has also been suggested for persistent Na + currents found in a variety of tissues [3, 4, 13, 20, 24, 30, 36, 41] . Most of these, however, are sensitive to TTX, suggesting that Na V 1.9 may not be involved in these known persistent Na + currents. Available data suggest that these TTX-S persistent Na + currents are possibly mediated by Na V 1.6 [4, 12, 17] .
Even transient Na + currents could give rise to a persistent Na + current through overlapping activation-inactivation kinetics (window current) or a wide repertoire of gating mode ("mode switching"). However, in the case of I NaN , the persistent nature of the current was due primarily to its slow activation and inactivation kinetics, distinct from the transient Na + currents. I NaN may play pivotal roles in regulating repetitive firing, amplifying subthreshold depolarizations, and producing after-depolarizations and plateau potentials in DRG. I NaN may also be involved in disorders of neurons and neurites. Unlike transient Na + currents that are immediately inactivated following membrane depolarization, persistent Na + currents continue to be activated during prolonged membrane depolarization. The resultant increase in [Na + ] i through persistent Na + influx, coupled with reverse operation of the Na + -Ca 2+ exchanger, may cause a damaging increase of [Ca 2+ ] i [40] .
